Structural and microstructural characterization of nanocrystalline silicon thin films obtained by radio-frequency magnetron sputtering
We have performed high-pressure Fourier transform infrared reflectance measurements on a freestanding InN thin film to determine the refractive index of wurtzite InN and its high-pressure rocksalt phase as a function of hydrostatic pressure. From a fit to the experimental refractive-index curves including the effect of the high-energy optical gaps, phonons, free carriers, and the direct (fundamental) band-gap in the case of wurtzite InN, we obtain pressure coefficients for the lowfrequency (electronic) dielectric constant e 1 . Negative pressure coefficients of À8.8 Â 10
À2 GPa
À1
and À14.8 Â 10 À2 GPa À1 are obtained for the wurtzite and rocksalt phases, respectively. The results are discussed in terms of the electronic band structure and the compressibility of both phases. Group-III nitride semiconductors (GaN, InN, and AlN) and their alloys (InGaN, AlGaN, and InAlN) exhibit unique properties that are already being exploited to design and fabricate high-performance electronic and optoelectronic devices. In particular, after the discovery of the low band-gap of InN (0.65 eV at room temperature) and the associated small electron effective mass and large electron mobility, In-rich InGaN alloys emerged as promising active materials to develop numerous device applications, including high-frequency transistors or optoelectronic devices working in the near-infrared spectral range. In spite of much work dealing with the fundamental properties of the group-III nitrides, many questions regarding the electronic structure, bonding properties, or optical response of these compounds remain to be investigated.
High-pressure experiments provide valuable information about the fundamental properties and structural stability of semiconductor materials. In particular, the data obtained with high-pressure optical measurements allow one to test the results of theoretical calculations dealing with their electronic or lattice-dynamical properties. Besides the energy gaps, the dielectric constants are among the most relevant quantities that characterize the electronic properties and optical response of semiconductors. The pressure dependence of the dielectric constants can be linked to the pressure behavior of the polar phonon frequencies and the critical points in the electronic band structure, and also to the stability of the material.
Pressure coefficients for the refractive index n or the low-frequency (electronic) dielectric constant e 1 have been obtained in the past by means of ab initio calculations for both wurtzite [1] [2] [3] and zinc-blende 2,4,5 InN. The values reported in those studies exhibit significant discrepancies, with differences of more than one order of magnitude in some cases. Thus, experimental work dealing with the determination of the pressure coefficients of the refractive index and/or dielectric constants of InN would be highly desirable, and it would provide additional insight into the pressure behavior of other optical phenomena such as the TO-LO splitting [6] [7] [8] and LO-plasmon coupling. 8 In the present work, we carry out Fourier transform infrared (FTIR) reflectance measurements to investigate the pressure behavior of the (ordinary) refractive index of wurtzite InN (w-InN) and its high-pressure (rocksalt) polymorph (rsInN) in the transparency region. An analysis of the refractive index is performed by using a single Lorentz-oscillator model to account for high-energy critical points plus an M 0 -type critical-point model of the dielectric function to include the contribution from the direct band-gap of the wurtzite phase. Phonons and free-carrier effects are also included in the model. Relative pressure coefficients for e 1 , ð1=e 1 Þde 1 =dP, equal to À8.8 Â 10 À3 GPa À1 and À14.8 Â 10 À3 GPa
, are obtained for w-InN and rs-InN, respectively. In the case of the wurtzite phase, the experimental value is in good agreement with the lowest range of values predicted theoretically. 2, 5 From our data and analysis, the pressure dependence of the high-energy critical points in the electronic structure of w-InN and rs-InN is also evaluated.
For the present work, we used an InN epilayer grown by plasma-assisted molecular beam epitaxy (MBE) on sapphire. Hall-effect measurements revealed a background electron density n e < 2 Â 10 18 cm
À3
. A free-standing InN flake was mechanically extracted from the sapphire substrate and selected for the present experiments. A preliminary optical measurement of the flake revealed that the initial thickness of the InN layer was d 0 $ 3.4 lm. Gold was subsequently deposited by evaporation on the back side of the flake in order to enhance the reflectivity signal. The gold layer also serves to isolate the sample Fabry-Perot (FP) cavity in order to avoid modulations of the sample interference fringes by other FP cavities within the diamond anvil cell (DAC) sample space. The flake was then loaded into a gasketed FTIR reflectivity measurements were performed with a TEO-400 FTIR spectrometer equipped with a thermal source (globar), KBr beam-splitter, and a liquid nitrogen-cooled MCT detector. 9 The modulated infrared beam was focused on the sample by using a gold-coated Cassegrain-type reflective microscope objective (15Â magnification). With these objectives, the spot size on the DAC pressure chamber is lower than 70 lm. Figure 1 shows typical reflectance spectra acquired at different hydrostatic pressure values. Several orders of interference can be seen in all the spectra. Around 2000 cm
À1
, signal corresponding to absorption by the diamond anvils has been removed for clarity. In the high-energy range of the figure, the observed interferences smear out due to direct absorption by the fundamental band-gap of w-InN (around 5300 cm À1 at 0.4 GPa, corresponding to a photon energy of 0.66 eV). With increasing pressure, all the interference bands are blueshifted and new orders of interference progressively show up. At 12 GPa, the interference bands in Fig. 1 display an abrupt blueshift in relation to the spectra acquired at lower pressures. This observation can be attributed to the wurtzite-to-rocksalt phase transition, which in InN is known to occur around 13.5 GPa. 6, 8, 10 The abrupt displacement of the interference bands to higher wavenumbers is a consequence of the sudden reduction of the sample thickness due to the $16.4% volume collapse after the wurtzite-to-rocksalt phase transformation. 10 Below 800 cm À1 , the curves of Fig. 1 show an abrupt increase of reflectivity that can be attributed to the polar phonon modes of the InN lattice most likely coupled to the background free electrons typical of as-grown InN. Specific far-infrared measurements in this spectral region would be necessary in order to study in detail the pressure dependence of the vibrational and free carrier contributions to the reflectivity spectra.
In the present work, the pressure-dependence of the (ordinary) refractive index of InN at different wavenumbers has been determined by accurate indexation of the interference maxima and minima of the reflectance spectra. At zero pressure (P ¼ 0 GPa) and taking into account the measured thickness of the epilayer (d 0 $ 3.4 lm), a refractive index equal to n $ 2:6 well below the fundamental band-gap of w-InN is obtained, in agreement with the previous experimental determinations. 11, 12 The pressure dependence of the sample thickness was evaluated with a Murnaghan equation of state, using a zero-pressure bulk modulus of B 0 ¼ 143 GPa (186 GPa) and its corresponding first derivative B 0 0 ¼ 4.6 GPa (6 GPa) for the wurtzite (rocksalt) phase. 8 This treatment does not take into account the pressure dependence of the c/a crystallographic axes ratio in w-InN, which can be shown to have a negligible effect on the resulting n(k) values. To obtain the refractive index of the rocksalt phase, the effect of the 16.4% volume collapse arising from the phase transition on the epilayer thickness was also taken into account.
Figure 2(a) shows the wavenumber dependence of the refractive index thus obtained (open symbols) for the wurtzite phase at different pressure values. The solid lines correspond to the results of a theoretical fit that will be discussed below. As can be seen in the figure, the refractive index of w-InN decreases with increasing pressure, implying a negative pressure coefficient (dn=dP < 0). Given that from a microscopic point of view the refractive index is expected to increase (decrease) with density (electronic polarizability), the negative sign of dn=dP in w-InN, which is characteristic of tetrahedrally bonded semiconductors, is mainly determined by the partly covalent character of the bonds (see the discussion in Ref. 13 ; the Phillips ionicity of w-InN is $0.578, see Ref.
2) together with its relatively small compressibility. Under these conditions, the positive contribution to dn=dP of the electronic density increase with pressure cannot compensate the strong negative contribution arising from the pressure reduction of the electronic polarizability arising from the blueshift of the optical gaps. 13 As expected, above the phonon region and below its fundamental band-gap, the refractive index of w-InN is more or less constant and takes a value around 2.6 at ambient pressure (Fig. 2) 11 In contrast, stronger dispersion of the experimental refractive index is observed in the vicinity of its direct fundamental band gap. In the low wavenumber region (below 2000 cm À1 ), the contributions of the polar lattice and the free carriers to the optical response yield a sudden decrease of the measured refractive index. Figure 2(b) shows the corresponding experimental refractive index data points obtained for rs-InN as a function of wavenumber and for different pressure values. As in the case of the wurtzite phase, we observe that dn=dP < 0, which, in part, can be explained by the even lower compressibility of the rocksalt polymorph. Note that in the low wavenumber region the abrupt reduction of n as a consequence of phonons and free-carrier effects is still evident. In contrast, as expected for an indirect band-gap compound like rsInN, 14 ,15 the refractive index barely depends on wavenumber well above the polar phonon/plasma edge (>3000 cm
). Given the narrow fundamental band-gap of w-InN and the presence of residual free carriers in this compound, for the analysis of the wavenumber dependence of nð1=kÞ plotted in Fig. 2 , one cannot assume that this compound is fully transparent. The effect of the polar lattice, free carriers, and the fundamental absorption edge has to be taken into account to model the optical response of the material. For the present analysis, we calculate the real ðe r Þ and imaginary (e i ) parts of the dielectric function eðxÞ ¼ e r þ ie i ¼ ðn þ ijÞ 2 , where j is the imaginary part of the complex refractive index (i.e., the extinction coefficient), as follows: 2 þ ixC e Þ correspond to the susceptibilities of the polar lattice and the free carriers, respectively. For w-InN, the polar lattice susceptibility includes the pressure-dependence of the E 1 (TO) and E 1 (LO) phonon frequencies, x TO and x LO , which have been studied in detail elsewhere. 7, 8 For the rocksalt phase, the polar lattice contribution was neglected. Additional measurements in the farinfrared region should be performed to obtain the pressure behavior of the optical phonon modes (see, for instance, Ref. 16 for the case of MgO). The free-electron density n e , which enters the calculation of the plasma frequency of the background free carriers x pe , is left as a free adjustable parameter. To reduce the number of adjustable parameters, we take constant phononic and electronic damping parameters of c ¼ 25 cm À1 and C e ¼ 250 cm
, respectively. These values are somewhat larger than those typically observed in as-grown w-InN (for instance, c $ 5 cm À1 and C e $ 125 cm À1 in Ref. 12) , which allows us to take into account the expected lifetime reduction of phonons and plasmons with increasing pressure. The use of different combinations of c and C e values that are much smaller than the photon wavevector in the spectral range of interest does not significantly modify the conclusions of the present analysis. In the real part of the dielectric function, Eq. (1a), besides the lattice and free carrier contributions, two additional terms have been included. First, a contribution arising from the direct fundamental gap of w-InN, e gap ðxÞ ¼ C 0 x À2 ½2 À ð1 þ xÞ 1=2 À ð1 À xÞ 1=2 , corresponding to an M 0 -type 3D critical point with parabolic bands, 16 with x ¼ hx=E g ðPÞ; for the calculations, we use the pressure dependent band gap energy, E g ðPÞ (given in Ref. 15) . The absorption strength of the critical point, C 0 , which can be assumed to be independent of pressure, 17 is obtained from a fit to the ambient pressure spectrum (C 0 ¼ 7:8). Note that below the fundamental band-gap (x < 1) the imaginary part of e gap ðxÞ is zero. Second, the contribution from the high-energy critical points in the electronic band structure of InN has been included through the second term of Eq. (1a). The high-energy critical points are modeled in terms of an average band-gap value, x 0 , and the contribution of valenceband electrons is taken into account with a Drude-like dielectric function with plasma frequency x PBV . For the fits, the quotient KðPÞ ¼
In the particular case of the rocksalt polymorph, the above model is valid (with C 0 ¼ 0 due to the indirect bandgap), since the contribution of all the direct optical gaps is included in the single Lorentz oscillator of energy x 0 . In this case, the energy of the oscillator is equivalent to the Penn gap of the semiconductor.
The solid curves in Fig. 2 show the results obtained with the above model, where only the free electron density and KðPÞ ¼ x 
À3
, consistent with the Hall measurements performed on the sample, provided good agreement between calculated and experimental curves in the low wavenumber spectral range. This can be seen in Fig. 2 , which shows that the theoretical and experimental curves compare well for both w-InN and rs-InN at different pressure values and throughout the whole spectral range considered in this work. Figure 3 shows the pressure dependence of the calculated refractive index at two different photon energies (400 and 600 meV) as obtained from the fits FIG. 3 . The refractive index at two selected frequencies (expressed in energy units) is plotted as a function of pressure for both phases, wurtzite and rocksalt. A discontinuity of the refractive index at the transition pressure is also illustrated with a vertical dashed line.
of Fig. 2 . This figure clearly reflects the negative pressure coefficient of the refractive index in both phases. Just above the transition pressure, the refractive index exhibits an abrupt increase, which can be mostly attributed to the density increase after the phase transition from w-InN to rs-InN. As can be seen in the figure, the experimental pressure coefficient of w-InN is sizably larger at 600 meV, close to the direct band-gap, in relation to the value at 400 meV. This observation is a consequence of the large dispersion of the refractive index close to the direct fundamental band-gap of the wurtzite phase. In contrast, the pressure coefficient of rsInN barely depends on photon energy, since in this case the pressure behavior of the refractive index is determined by the high-energy critical points.
We show in Fig. 4 the pressure dependence of the lowfrequency dielectric constant that is obtained from the fits to the experimental results of Fig. 2 for both phases. From a linear fit to the data of Fig. 4 , we obtain relative pressure coefficients ð1=e 1 From the pressure dependence of KðPÞ ¼ x 2 PBV ðPÞ=x 2 0 ðPÞ as obtained from the fits to the experimental data of Fig. 2 , and taking into account that the pressure behavior of x 2 PBV is determined by the increase of density, we obtain relative pressure coefficients for the high-energy optical gaps of both phases through the expression
For w-InN, we find from our fits that ð1=x 0 Þdx 0 =dP ¼ 0:011 GPa
À1
, which is only slightly higher than the value that can be inferred from the first maximum of e i ðxÞ at around 5.3 eV calculated by Duan et al.
3 at 0 and 13.4 GPa (0.0085 GPa
). For the rocksalt phase, the value that we obtain from the fits is very similar (0.0096 GPa
). Bearing in mind Eq. (2), these similar values indicate that the more negative value of (1/e 1 )de 1 /dP in rs-InN can be mostly attributed to the lower compressibility (lower 1=B) of the rocksalt polymorph, i.e., to a lower positive contribution of the pressure-induced increase of the density of polarizable units in the material.
The ð1=e 1 Þde 1 =dP value obtained in the present work for w-InN is sizably more negative than those obtained in w-GaN and w-AlN (see, for instance, the recent results by Goñi et al., 18 who have measured ð1=e 1 Þde 1 =dP ¼ À6 Â 10 À3 GPa À1 and À1.6 Â 10 À3 GPa À1 for w-GaN and w-AlN, respectively). As can be inferred from Eq. (2), the less negative pressure coefficients of e 1 $ 1 þ KðPÞ in these two compounds cannot be attributed to a compressibility effect, since they have lower 1=B values (5 Â 10 À3 GPa À1 in w-GaN and 4.8 Â 10 À3 GPa À1 in wAlN, see Ref. 17) . Thus, our results and analysis suggest that the pressure-induced blueshift of the high-energy optical bandgaps in w-InN must be sizably larger than those in w-GaN or w-AlN, giving rise to a more pronounced (negative) pressure dependence of the dielectric constants.
In conclusion, we have studied the pressure behavior of the refractive index of w-InN and its high-pressure polymorph rs-InN. In the low wavenumber region (<1000 cm À1 ), the refractive index of both phases is strongly affected by free carrier effects. For the analysis of the refractive index curves as a function of pressure, dispersion due to the fundamental direct band-gap of the wurtzite phases has to be taken into account. From a fit to the experimental data including the high-energy electronic transitions through a single Lorentz oscillator plus lattice vibrations, free carriers, and the direct (fundamental) band-gap in the case of wurtzite InN, we have obtained pressure coefficients for e 1 . In the case of the w-InN, our experimental (1/e 1 )de 1 /dP values (À8.8 Â 10 À2 GPa
) agree well with the lowest range of theoretical values reported in the literature. A much larger absolute value of the (negative) pressure coefficient is measured in the case of rs-InN (À14.8 Â 10 À2 GPa
), which is a consequence of the lower compressibility of the highpressure polymorph. 
